OPINION The intestinal microbiota in health and disease Vincent B. Young Purpose of review The indigenous gut microbiota has been shown to be a key player in maintaining gastrointestinal homeostasis. This review discusses some of the recent work that reveals how the gut microbiome helps establish and protect intestinal health and how disturbances in this microbial community can lead to disease states.
INTRODUCTION
The realization that the complex communities of microbes that inhabit the human body play a crucial role in the health of the host has led to an explosion of research activity. Historically, studies of the microbiota that inhabit the gastrointestinal tract have been most numerous and this review will discuss some of the recent literature that has increased our understanding of the complex interaction between gut microbial communities and their mammalian hosts.
Much of the progress in studying various aspects of the human microbiome has been driven by technological advances in sequencing and their application to the culture-independent analysis of the structure and function of complex microbial communities. We will not attempt to review these techniques in any detail. Readers who would like more information regarding the technical aspects of microbiome research, including data generation and analysis, are referred to a number of recent reviews [1] [2] [3] .
THE INTESTINAL MICROBIOTA AND GUT HOMEOSTASIS
Prior to embarking on a discussion of recent work correlating changes in the microbiome with disease states, it is important to review some of the recent progress that has been made in understanding the normal interactions between the gut microbiome and the host.
Novel insights into the 'normal gut microbiome'
Globally, there are multiple initiatives that are attempting to understand the interaction between the gut microbiota and the host. The NIH-funded Human Microbiome Project [4] and the International MetaHIT initiative have invested significant effort in delineating the normal structure and function of the gut microbiota. Some of the efforts from these and other initiatives will be reviewed in this section. The initial discussion will focus on efforts to define the normal structure of the microbiome. However, to draw an analogy, these structural studies are meant to better understand the 'anatomy' of the microbiome. As anatomy is only a beginning as to obtaining a complete understanding of an organism, we will then turn to a discussion of studies that are looking at the 'physiology' of the microbiome and focus on the functional aspects of the gut microbial community.
Community structure of the gut microbiota A large study was published by the international MetaHIT consortium. This group examined 22 metagenomes generated from fecal samples and combined these data with previously published data sets. A total of 39 individuals were part of this analysis. Examination of this data set indicated that the microbial communities segregated into three distinct clusters, which the authors referred to as 'enterotypes' [5 && ]. The individuals in this study represented a combination of individuals from Europe, Japan and the United States. The three enterotypes were not specific to a particular geographic region. As the data in this study were metagenomic, they could be analyzed for both phylogenetic and functional signals. The existence of three enterotypes was supported by both phylogenetic and functional analysis. Each enterotype had specific aspects of species and functional composition that were unique compared with the other two. It remains to be seen if these enterotypes will be seen in additional analyses that are currently ongoing. Furthermore, additional work will need to be done to determine what factors drive the segregation of communities into these enterotypes.
Related to the question of host factors that may drive the community structure of the gut microbiota, a study was conducted to identify host genetic determinants that influence the microbiome [6 & ].
This study employed a moderately advanced intercrossed mouse line and examined fecal samples from 645 animals. The microbiome was analyzed by pyrosequencing of the 16S gene. Variation in the composition of the gut microbiota was analyzed for influence of the maternal environment and genotype. In concordance with previous studies, lineage (i.e. litter and cohort) had a significant effect on microbiota composition, but host genetics also explained a significant proportion of the variation. Quantitative trait loci (QTL) analysis, based on 530 single nucleotide polymorphisms, was used to assess the degree to which genotype influenced microbiota composition. Eighteen QTL were identified that had significant linkage to the relative abundances of specific microbial taxa. The authors interpret their data as suggesting that the composition of the gut microbiota behaves as a complex polygenic trait. This should set the stage for future studies that will attempt to define the mechanisms that actually drive the assembly and structure of the microbiome. Although genetics can be a key driver of the community structure of the microbiome, it is clear that exogenous factors can also play a significant role. One of these exogenous factors that have received a great deal of attention is the administration of antibiotics. Although it is clear that the gut microbiota is dramatically changed under the pressure of antibiotic administration [7], it is not known how well the community can recover from such a disturbance. This question about the ecologic resilience of the gut community was addressed in a human volunteer study wherein three individuals received two courses of the antibiotic ciprofloxacin and were followed for nearly a year [8 & ]. In spite of the fact that none of the patients developed symptoms while on the antibiotic therapy and had no change otherwise in their health, there was a dramatic shift in the structure of the gut microbiota. Furthermore, recovery of the gut microbial community following the cessation of the 5-day course of antibiotics was incomplete and varied among the three individuals in this study.
Metabolic function of the gut microbiota
With the above studies as examples it is clear that we are gaining a deeper understanding of the structure, assembly and dynamics of the gut microbiota. However, in and of themselves, these studies do not provide a link between community structure and function. Understanding structure/function relationships in the microbiome is an active area of research [3] . It is important to realize that studies that focus solely on determining structure of the microbiome (e.g. via the retrieval of 16S sequences) will be unable
KEY POINTS
The gut microbiome plays a key role in maintaining gut homeostasis through interactions with the host immune system and metabolism.
Alterations in the structure of the gut microbial community have been associated with a large number of disease states, but our understanding of the mechanisms by which these changes result in disease is far from complete.
Direct manipulation of the gut microbiota may prove to be a novel method for the prevention and treatment of a variety of gastrointestinal disorders.
to address key functional aspects of the community. Communities with structures that are quite distinct may nevertheless have similar functions, with taxonomically distinct organisms carrying out interchangeable roles in the community. Therefore, a fuller understanding of the function of a given community may best be accomplished by studies that combine structural analysis with direct measurement of the functions being carried out by the community.
One of the key functions that have been ascribed to the gut microbiota concerns the metabolic functions that this community can carry out. When considered as a discrete unit, the combined coding capacity of the microbiome (referred to as the metagenome) exceeds that of the host. The gut microbiota can metabolize material ingested by the host as well as products of the host's own metabolism. In turn, products of the microbial metabolism can be further converted by the host. Thus, the metabolite profile in the gut results from a combination of host metabolism, microbial metabolism and mammalian-microbial cometabolism. Differences in the overall intestinal metabolism can be seen in germ-free animals compared with animals with a complete microbiota. Antibiotic administration, presumably through alteration of the indigenous microbiota, can also have a profound effect on the metabolic profile of the gut and the entire animal. Treatment of mice with streptomycin was found to affect the levels of over 87% of all metabolites detected in feces [9 & ]. Multiple metabolic pathways were affected including the metabolism of bile acids, inflammatory lipids and steroid hormones. Such effects are not simply confined to the intestinal tract as other investigators who treated rats with a combination of streptomycin and penicillin noted alterations in the metabolic profile of not only the feces but also the urine, indicating that systemic effects on host metabolism also took place [10 & ].
Although global effects on host metabolism are likely to arise from changes in the community structure of the gut microbiota, the interaction between this microbial community and the intestinal tract is likely to be the most dramatic. One group demonstrated that the microbiota has a dramatic effect on energy homeostasis in the colon compared with other host tissues [11 && ]. The authors demonstrated that this tissue specificity was primarily due to the production of the short-chain fatty acid butyrate by the microbiota. Butyrate serves as the primary energy source for colonocytes and colonocytes from germ-free mice were shown to be in an energy-deprived state. Interestingly, this energy deprivation led to autophagy in these colonocytes, whereby the cells degraded their own cellular components in an attempt to maintain energy homeostasis. The host on the contrary, can also use metabolic input into the gastrointestinal ecosystem to shape the microbiota. Mice colonized with human feces establish a complex microbiota [12] . Changes in the diet from a low-fat, plants-rich diet to a high-fat, high-sugar diet resulted in rapid changes in the gut microbial community. The change in community structure was accompanied by a change in the metabolic potential of this community reflecting a functional change to deal with the change in diet. Another example of the role diet plays in shaping the intestinal microbiota comes from studies that show how the presence of specific oligosaccharides in human milk can shape the gut community [13] . Such studies indicate the evolutionary development of the means by which mammals can selectively nourish appropriate microbial symbionts early in infant development.
Interactions of the gut microbiota and the host immune system
In addition to the complex interaction between the gut microbiota and the mammalian host mediated by metabolism, recent papers have continued to show that immunologic interactions between the host and microbiota are intricate and important. An example of this type of relationship was highlighted in a recent study that examined how innate immune responses could shape the microbial ecology of the gut and how this in turn influenced the development of disease susceptibility in the host. Investigators showed that mice that were deficient in the function of the NLRP 6 inflammasome (a sensor of damage-associated molecular patterns, including those produced by enteropathogenic microbes) possessed a gut microbiota that was distinct from wild-type mice [14 && ]. Furthermore, these mice were more susceptible to severe colitis when exposed to dextran sodium sulfate (DSS). Interestingly, this susceptibility was shown to be due to the altered microbial community as transfer of this community to wild-type mice (via cohousing) increased the susceptibility of wild-type mice to DSS.
Although multiple previous studies have shown that the host immune system has a role in shaping the structure of the human microbiota, recent studies have also looked at the reverse. A number of studies have examined the ability of the indigenous microbiota to direct host immune responses, presumably to the benefit of both parties. Regulatory T cells are critical in maintaining gastrointestinal homeostasis by regulating inflammatory responses. Defects in regulatory T cells are thought to contribute to the pathogenesis of a variety of diseases wherein an inappropriate inflammatory response is encountered such as in inflammatory bowel disease (IBD). Two recent papers examined the role members of the gastrointestinal microbiota play in the induction of colonic regulatory T cells. It was shown that colonization of germ-free mice with a complex microbial community derived from specific pathogen free mice increased the numbers of regulatory T cells in the colonic lamina propria. One group demonstrated that a cocktail of 46 strains of the genus Clostridium (primarily from clusters IV and XIVa) would also result in the induction of colonic regulatory T cells in previously germ-free mice [15 & ]. Interestingly, colonization with a mixture of three Lactobacillus strains or with segmentedfilamentous bacteria [which have been shown to induce T helper 17 (T H 17) responses] did not affect the numbers of colonic regulatory T cells. Another group used a cocktail of eight organisms known as the altered Schaedler flora to colonize germ-free mice. Mice colonized with the altered Schaedler flora also developed colonic regulatory T cell responses [16 & ]. Both groups showed that this induction of regulatory T cells was protective to the host as colonized animals developed less severe colonic inflammation when treated with the DSS.
A third group examined the interplay between the adaptive immune system and the microbiota by examining colonization of mice with Bacteroides fragilis. This group has previously shown that a polysaccharide antigen (PSA) in B. fragilis served as a 'symbiosis factor' for this organism. Mono colonization of germ-free mice with B. fragilis did not induce pro-inflammatory T H 17 cell development [17 & ]. However, mono-colonization with a PSA-deficient B. fragilis strain resulted in significant T H 17 responses in the gut. Purified PSA could suppress these T H 17 responses triggered by the PSA-deficient B. fragilis strain. This group then investigated the mechanisms by which B. fragilis suppressed inflammatory T H 17 responses. They found that regulatory T cell function was required to suppress T H 17 responses. Furthermore, they found that PSA appeared to signal through toll-like receptor 2 on regulatory T cells to mediate an IL-10dependent regulatory response.
The microbiota also has a role in shaping host innate immune responses. A recent study showed that recognition of microbial products produced by the indigenous gut microbiota under basal conditions resulted in priming of the inmate immune system, specifically enhancing neutrophil function [18 & ]. Bone marrow-derived neutrophils from germfree animals were less efficient at killing the bacterial pathogens Streptococcus pneumoniae and Staphyloccus aureus compared with those from previously germfree animals that were colonized with a complex microbiota. Similar to the findings with B. fragilis, this signal from the microbiota was mediated through a pattern-recognition receptor, in this case Nod1. Nod1-deficient bone marrow-derived neutrophils were less efficient at bacterial killing whether or not the animals from which these cells were obtained were germ-free or conventionalized.
Taken together, these studies indicate that the relationship between the host immune system and the indigenous microbiota is a highly complex and active condition. Adaptation on the part of both the host and the microbe is required in order to maintain a homeostatic relationship. Signals are exchanged in both directions to maintain a mutually beneficial interaction.
Gastrointestinal disease associations with the intestinal microbiota
I will now review some key studies that have examined the role of the intestinal microbiota with specific clinical conditions. A number of reports have been published that have looked for associations between the microbiome and various diseases including obesity [19] , necrotizing enterocolitis [20] , type I and type II diabetes [21, 22] , irritable bowel syndrome [23, 24] and colon cancer [25] . However, two major clinical entities will be the focus of this section, IBD and infectious colitis. Both of these conditions have been the focus of a great deal of research that has focused on microbial factors, long before the current interest in microbiome research developed. Additionally, these areas probably have the most attention in terms of the number of investigators and studies that have tried to link functional and mechanistic aspects of the gut microbiome in disease pathogenesis. The increasing rate at which studies are investigating associations between disease and the microbiota has necessitated a selection of studies either noteworthy in their scope, or that attempt to go beyond statistical associations and include mechanistic insight into the relationship.
Inflammatory bowel disease
As reviewed above, there have been interesting studies using murine systems to examine the relationship between the gut microbiota and the immune system. These studies are often meant to provide insight into IBD. For example, several of the studies reviewed above looked at the response of mice to treatment with DSS as a model of human IBD. I will now review some of the recent studies wherein the microbiota was studied in the setting of human IBD. A number of studies continue to be published wherein investigators obtain specimens (often fecal specimens) from patients with IBD and compare the structure of the microbiota to those found in matched controls. Often, dramatic differences are found, but it is difficult to understand what the significance of these associations is. The majority of these studies are confounded by the treatments that IBD patients receive and by differences in host factors including genotype and many involve small numbers of patients. In an attempt to try and limit the effects of host genotype on the microbiota, a number of twin studies have been conducted wherein monozygotic and dizygotic twins that are either concordant or discordant for IBD had their gut microbiota profiled. One study used pyrotag sequencing to examine the fecal samples from a cohort of 40 twin pairs concordant or discordant for both Crohn's disease or ulcerative colitis [26 & ]. Patients with Crohn's disease (either colonic or ileal) had distinct microbiota profiles compared with healthy controls or patients with ulcerative colitis. Furthermore, the fecal microbiota in patients with ileal Crohn's disease differed from that in patients with predominantly colonic disease. Interestingly, the patients with ulcerative colitis had a gut microbiome that was indistinguishable from that in controls. Specific bacteria appeared to be either increased or decreased in relative abundance with each of the IBD disease phenotypes, although a specific role in the pathogenesis of IBD could not be assigned in such a study. The finding that patients with ulcerative colitis did not appear to have a distinct microbiome signature compared with controls contrasts with the results of another twin study [27 & ]. These investigators examined sigmoid biopsies from patients with ulcerative colitis (in contrast to the fecal samples employed by the previous study) and found a unique microbiota profile in ulcerative colitis patients compared with their unaffected twin controls. This group also examined the host response to this altered microbiota by determining mRNA profiles by microarray analysis. In patients with ulcerative colitis, transcripts related to oxidative and immune responses were differentially expressed compared with healthy twins. Although the results from these two twin studies are intriguing, it remains to be determined what is the actual linkage between the altered microbiota profiles encountered and the disease phenotype. Such studies, due to the fact that all patients have disease at the time of microbiota analysis, make it difficult to distinguish between association and causality. It is likely that follow-up studies will require additional human clinical surveys, but to approach mechanisms, complementary animal studies will allow direct tests of causality.
Besides using twins to overcome the problem of genetic heterogeneity, another approach is to have each patient act as their own control. Another study of the role of the microbiota in IBD compared the mucosa-associated microbiota in inflamed regions of the gut of patients with Crohn's disease and ulcerative colitis to noninflamed regions from these same patients and in healthy controls [28] . Compared with controls, the mucosal microbiota from patients with IBD was distinct in community structure. As in the first twin study above, this was more apparent in the patients with Crohn's disease compared with controls as opposed to the ulcerative colitis patients. Additionally, these investigators report that there were distinct differences between the inflamed and noninflamed portions of the intestine in patients with IBD. It should be noted however, that these intra-individual differences were generally smaller than the inter-individual differences in the gut microbiota.
Infectious colitis
For over a century, the view as to how microbes played a causative role in disease has been influenced by the concepts proposed by Robert Koch. Koch's postulates give rise to the impression that infection with a single pathogenic microbe is sufficient to cause disease. Recently, many investigators are beginning to re-examine this dogma and are investigating how the tripartite interaction between pathogen, host and the indigenous microbiota influences the development of disease.
Gastroenteritis due to Salmonella has been well studied both in terms of the genetic adaptations evolved on the part of the pathogen and the role of the host immune system in determining disease outcome. Two recent studies have examined how interactions with the intestinal microbiota influence resultant Salmonella infection. One group employed antibiotic treatment to alter the indigenous microbiota and then experimentally infected these antibiotic-treated mice with S. Typhimurium ]. All three antibiotics employed (streptomycin, vancomycin and metronidazole) altered the indigenous microbiota and increased the ability of S. Typhimurium to colonize the intestine. However, although greater inflammation was seen in the intestinal tract of streptomycin-treated or vancomycin-treated animals infected with S. Typhimurium compared with infected animals that did not receive any antibiotics, no significant disorder was seen in metronidazole-treated animals that were similarly challenged with S. Typhimurium. This indicates that specific subsets of the intestinal microbiota may mediate protection against the development of colitis. Culture-independent comparison of the microbiota remaining in animals treated with the various antibiotics was performed but the significance of these differences needs to be directly tested in follow-up experiments. Another elegant study examined how Salmonella is able to take advantage of the inflammatory response generated by the host to promote its own survival within the gut microbial community [30 && ]. It had been known for many decades that Salmonella is able to use the compound tetrathionate as a terminal electron acceptor. This fact is used in the clinical microbiology lab to perform culture enrichment of Salmonella from fecal samples. These investigators determined that hydrogen sulfide, which is produced in relatively large quantities by certain members of the indigenous gut microbiota, is detoxified by the intestinal mucosa by conversion to thiosulfate. Thiosulfate is in turn oxidized to tetrathionate via products produced by infiltrating neutrophils that characterize the acute inflammatory response to Salmonella infection. These findings highlight another example of the intricate interactions that take place in the gut. In this case, the pathogen takes advantage of the host's inflammatory response to its presence to create an environment that allows it to outcompete resident microbes.
Competition between potential pathogens and the indigenous microbiota is a common theme that is emerging in the study of infectious colitis. Vancomycin-resistant enterococcus (VRE) has been shown to take advantage of decreases in the production of antimicrobial peptides that result from antibiotics altering the community structure of the resident microbiota [31] . In a follow-up study, these investigators used culture-independent profiling of the intestinal microbiota to determine the specific changes that antibiotic treatment triggered [32 & ]. They noted that changes triggered by specific antibiotics could persist following cessation of the drug and these altered communities remained susceptible to VRE colonization. In susceptible communities VRE would become the dominant organism in the gut. Most interestingly, they extended these animal studies by examining patients who developed VRE bacteremia following bone marrow transplant. Patients who developed VRE bacteremia were found to have domination of their gut microbiota by the organism prior to the development of bloodstream infection. This result suggests that profiling the intestinal microbiota of patients may have a future role in guiding subsequent therapy.
Our group has investigated the role of the indigenous microbiota in protecting the host against infection with the toxin-producing bacterium Clostridium difficile. We recently published a study wherein we related specific changes in the indigenous microbiota, brought on by antibiotic administration, with susceptibility to colonization with C. difficile and the severity of subsequent disease [33] . Again, our findings support the idea that there is a dynamic interplay between potential pathogens and the indigenous microbiota. Patients with C. difficile infection are generally treated with an antibiotic regimen targeting the pathogen. Recently however, it has been noted that a greater proportion of patients with C. difficile infection will develop recurrent disease with symptoms returning after specific C. difficile antibiotic therapy is stopped. Several groups including our own have reported that recurrent C. difficile is due, at least in part, to abnormal diversity of the remaining indigenous microbiota. Such results underscore the rationale behind a seemingly unpalatable yet relatively successful treatment for refractory C. difficile infection, the transplantation of fecal material from a healthy individual to the patient with recurrent infection. Two recent reports have shown that treatment with donor feces results in long-term changes in the microbial community present in the intestine of the recipient [34
CONCLUSION
This is an exciting time for investigators who are interested in understanding the complex interaction between mammalian hosts and their microbial partners. Advances in technology have made this previously daunting task more approachable. This has led to an explosion of studies that have investigated associations between the gut microbiota and various disease states. In spite of the significant effort that has been expended in discovering these associations, we are just at the early stages of revealing the mechanisms by which changes in microbial communities can disrupt gastrointestinal homeostasis. Future work that uncovers the principles by which gut microbial communities contribute to intestinal health could lead to novel preventive strategies and therapies for a variety of gastrointestinal conditions. A study that revealed a complex interaction in the gut whereby the products of anaerobic bacteria are detoxified by the gut epitheliuim and then converted by the metabolic activity associated with inflammation to provide a beneficial environment for a gut pathogen. This study underscores the multiscale linkages between the members that constitute the gut ecosystem, both host and microbial. With the above study, this group followed the effect of therapeutic administration of feces on the gut microbiome.
